We discuss the microstructural origin of enhanced radial growth in magnesium (Mg) doped gallium nitride (GaN) nanorods (NRs) using electron microscopy and first-principles 
I. INTRODUCTION
Free standing semiconducting nanowires (NWs) and nanorods (NRs) are promising one-dimensional nanostructures having applications in various areas such as nanoelectronics, nanophotonics, nanosensing, etc [1] [2] [3] . The fundamental, as well as the advanced studies on the growth and physical properties of such nanostructures, are of great interest within the scientific community [4, 5] . The effective lateral stress relaxation in the case of nanostructures originating by the presence of facet edges can minimize or sometimes eliminate the formation of dislocations [6] .Typically, these nanostructures with radii in the order of several tens of nanometers and a length of micrometers are grown using modern epitaxial growth techniques like molecular beam epitaxy [7] or metal-organic chemical vapor deposition [8] .
III-Nitrides being an important class of semiconductors have found in many optoelectronic and microelectronic devices available today. Due to the potential integration both the technologies, the growth of GaN on Si substrates attracts much attention. Also, GaN-on-Si is also a low-cost alternative to the conventional substrates like sapphire and SiC as the Si-based technology is comparatively mature and a successful integration gives extra advantages. In this direction, the epitaxial growth of III-V compound nanostructures including GaN on Si substrates has been extensively investigated [9] [10] [11] . To further increase the functionalities of the grown nanostructures, doping with suitable ions is partly necessary [3, 12, 13] . It is also observed in various cases; the process of doping may result in significant changes in the morphology as the presence of impurities on surfaces can affect the dynamics of adatoms arriving on it [14] [15] [16] . Therefore, the understanding of the microstructural origin of any change in the morphology owing to the incorporation of dopants is crucial for their use in various device applications. GaN is an inherently n-doped compound semiconductor, and p-doping is a bit difficult. Out of many possible dopants, Mg is promising. Also, the Mg incorporation was also found to influence the morphology of the grown NRs strongly. A small amount of Mg can increase the tendency of the rods to coalesce while keeping their diameter unchanged without any broadening or tapering [17] .
Furtmayr et al. studied the effect of Mg doping on MBE grown GaN NRs and showed an increase in Mg flux results in an increase in the diameter and a decrease in their height [18] . The observed increase in the diameter may be because of the larger nucleation centers. However, it was concluded that the increase in the diameter of GaN NRs is due to the enhancement of the radial growth instead of larger nucleation sites. A similar increase in the radial growth in the case of Mg-GaN NRs with the increase in Mg incorporation has been reported by Zhang et al. [19] and Andrews et al. [20] . However, Bae et al. [21] reported a variation of the height of NRs due to higher Mg flux instead of promoting vertical growth. Moreover, no convincing evidence for the origin of increased radial growth in MBE grown Mg-GaN NRs has been reported yet. Therefore, in this present work, we try to address this behavior by providing novel insights into the growth mechanism of Mg doped GaN NRs on Si by a combination of experimental and computational investigations.
II. METHODS

A. Experimental details
The GaN NRs were grown directly on Si (111) substrate under nitrogen rich conditions by a radio frequency plasma assisted molecular beam epitaxy (RF-PAMBE, SVTA-USA) system operating at a base pressure of 3 × 10 Table I ). The fluxes of the Mg and Ga were obtained from the beam equivalent pressure (BEP) and are tabulated in Table I . Surface structural evolution was monitored in-situ by reflection high energy electron diffraction (RHEED) and the morphology was determined ex-situ using a field emission scanning electron microscope (FESEM, Quanta 3D operated at 20 kV). The crystal phase of the samples was determined using a high-resolution X-ray diffractometer (HR-XRD, Discover D8 Bruker) with a Cu K α X-ray source with wavelength of 1.5406Å. Structure of the NRs at atomic scale was studied by high resolution transmission electron microscopy (HRTEM, FEI TITAN operated at 300kV). Ab-initio Density Functional Theory (DFT) simulations were carried to estimate the surface energy and diffusion barrier of adatoms on side wall surfaces of GaN NRs.
A Generalized Gradient Approximation (GGA) of Perdew et al. [22] was used for the exchange and correlation energy functional. Integrations over the Brillouin Zone of bulk w-GaN were sampled on a Γ-centered 5×5×3 uniform mesh of k-points in the unit cell of reciprocal space [23] . The lattice parameters and atomic co-ordinates were optimized by using conjugate gradient algorithm to minimize the energy until the forces on each atom was less than 0.04 eV/Å. (1010) surface by using following formula:
where A, E slab , and E bulk correspond to the surface area of the slab, the total energy of the slab, and the total energy of the bulk with same Mg concentration as slab. The diffusion barrier of the Ga adatom on undoped and doped surface were estimated from total energy calculation of respective configurations. Total energy of different configurations were estimated using SIESTA code [24] .
III. RESULTS AND DISCUSSION
A. Experimental Results Plan view FESEM images of samples A-D grown with different Mg flux-rates (see Table I ) are shown in Fig.1 . We find that most of NRs are vertically aligned with the surface of substrate while few of them are slightly tilted for undoped sample.
FIG. 1. (a)-(d) Plan view FESEM images of samples
However, for doped samples (B, C and D), we observed well aligned NRs. It is widely observed that, the relative misorientation of GaN NWs or NRs grown on Si A similar observation is also made by De et al. [29] . To elucidate further, we estimate the surface coverage of samples A, B, C and D as 55±2%, 65±2%, 80±2% and 80±2%
respectively suggesting an increase in the surface coverage with increasing Mg flux.
Further, to look at the interface of Si and GaN NRs, we carried out cross section isolated but they tends to coalesce as the growth proceeds. Interestingly, we find that with an increase in the Mg flux, the critical height H c for coalescence of NRs is decreasing as ≈ 900±10 nm, 280±10 nm, 250±10 nm, 210±10 nm for sample A, B, C and D respectively. Kaganer et al. [30] suggest H c of coalescence of NRs can be calculated by
where E is the Young modulus, γ the surface energy, ω the width of the contact area (for the calculations, is equal to the radius of the thinner nanowire) and I i
indicates the geometrical moments of inertia of the cross-section of the corresponding nanowire (i=1,2). For a cylinder, I = πR 4 where l is separation between nanowires at the bottom. Equation 2 suggests that, while keeping all other parameters fixed an increase in γ results in the reduction of H c . Our first-principles calculations suggest a small reduction in the surface free energy (as shown in Fig.5(c) ) of (1010) with Mg incorporation, thus we infer in this case, the role of change in γ is almost negligible in determining H c . Further, it can also be inferred that an increase in the radius of NRs results into higher H c , suggesting the mechanism proposed by Kaganer et al. [30] may not be appropriate for the present case.
To study the structural properties of Mg doped GaN NRs, we carried out HR-XRD measurements of samples (see Fig 3) . From the symmetric 2θ − ω scan, we find GaN (0002) reflex, along with Si (111), (222) and GaN (0004) reflexes are present (see Fig.3 ). ionic radius of Mg is larger than that of Ga [31] . However, if defect such as complexes of N-vacancy are formed, the local strain will change [31] and results in the reduction of lattice parameters.
To look at the atomistic origin of coalescence of NRs, we obtained HR-TEM image of samples B and are shown in Fig.4 . In Fig.4 
(a) the dimensions of two different
NRs are shown at different height concluding tapering effect in the NRs sample due to the formation of atomic steps (see red dots in Fig.4(b) ). However, as we move towards the interface, we started observing other diffraction Work of Kaganer et al. [30] suggests that, the nucleation of nanowires are random and homogeneous. After the nucleation, such nanowires attain a self equilibrated diameter beyond which nanowires grow only in the axial direction but not in the radial direction. We propose such a behavior of NRs growth is the reason for the pinning of surface coverage at 80±2% for higher Mg-doped samples.
IV. SUMMARY
In summary, we have synthesized and characterized Mg doped GaN NRs grown on Si (111) surface. We have observed that with an increase in the Mg concentration the surface coverage of the samples increases due to higher growth rate of the sidewall surface of NRs. From TEM analysis we have found that the NRs are tapered as a consequence of the formation of atomic steps on the side surfaces of NRs. From
